Transgenic mice harboring high molecular weight fibroblast growth factor (FGF)2 isoforms (HMWTg) in osteoblast lineage cells phenocopy human X-linked hypophosphatemic rickets (XLH) and Hyp murine model of XLH demonstrating increased FGF23/FGF receptor signaling and hypophosphatemic rickets. Because HMWFGF2 was upregulated in bones of Hyp mice and abnormal FGF receptor (FGFR) signaling is important in XLH, HMWTg mice were used to examine the effect of the FGFR inhibitor NVP-BGJ398, now in clinical trials for cancer therapy, on hypophosphatemic rickets. Short-term treatment with NVP-BGJ398 rescued abnormal FGFR signaling and hypophosphatemia in HMWTg. Long-term treatment with NVP-BGJ398 normalized tail, tibia, and femur length. Four weeks NVP-BGJ398 treatment significantly increased total body bone mineral density (BMD) and bone mineral content (BMC) in HMWTg mice; however, at 8 weeks, total body BMD and BMC was indistinguishable among groups. Micro-computed tomography revealed decreased vertebral bone volume, trabecular number, and increased trabecular spacing, whereas femur trabecular tissue density was increased; however, NVP-BGJ398 rescued defective cortical bone mineralization, increased thickness, reduced porosity, and increased endosteal perimeter and cortical tissue density in HMWTg. NVP-BGJ398 improved femur cancellous bone, cortical bone structure, growth plate, and double labeling in cortical bone and also increased femur trabeculae double labeled surface, mineral apposition rate, bone formation rate, and osteoclast number and surface in HMWTg. The decreased NPT2a protein that is important for renal phosphate excretion was rescued by NVP-BGJ398 treatment. We conclude that NVP-BGJ398 partially rescued hypophosphatemic rickets in HMWTg. However, long-term treatment with NVP-BGJ398 further increased serum FGF23 that could exacerbate the mineralization defect. (Endocrinology 158: 3629-3646, 2017) F ibroblast growth factor (FGF) ligands and their receptors (FGFRs) are important modulators of bone growth and development in mice and humans (1-5). Mutations in FGFRs cause autosomal dominant human chondrodysplasias (1-4) due to aberrant or amplified signal transduction from the tyrosine kinase domain of FGFRs (2, 3). Ligands for FGFRs have also been recently associated with human diseases (2, 3, 6). Bone-derived FGF23 is the phosphaturic factor (6) responsible for autosomal dominant hypophosphatemic rickets (7), tumor-induced osteomalacia (8), X-linked hypophosphatemic rickets (XLH) (9), and autosomal recessive hypophosphatemic rickets, caused by loss of function mutations in dentin matrix protein-1 (Dmp1) (10). Murine models of this group of disorders include the FGF23 transgenic mouse, a model of autosomal dominant hypophosphatemic rickets (11); the Hyp mouse, a homolog of XLH (12); and the Dmp1 null mouse, a model of autosomal recessive hypophosphatemic rickets (13) . These murine homologs demonstrate many of the phenotypic
F ibroblast growth factor (FGF) ligands and their receptors (FGFRs) are important modulators of bone growth and development in mice and humans (1) (2) (3) (4) (5) . Mutations in FGFRs cause autosomal dominant human chondrodysplasias (1-4) due to aberrant or amplified signal transduction from the tyrosine kinase domain of FGFRs (2, 3) . Ligands for FGFRs have also been recently associated with human diseases (2, 3, 6) . Bone-derived FGF23 is the phosphaturic factor (6) responsible for autosomal dominant hypophosphatemic rickets (7), tumor-induced osteomalacia (8) , X-linked hypophosphatemic rickets (XLH) (9) , and autosomal recessive hypophosphatemic rickets, caused by loss of function mutations in dentin matrix protein-1 (Dmp1) (10) . Murine models of this group of disorders include the FGF23 transgenic mouse, a model of autosomal dominant hypophosphatemic rickets (11) ; the Hyp mouse, a homolog of XLH (12) ; and the Dmp1 null mouse, a model of autosomal recessive hypophosphatemic rickets (13) . These murine homologs demonstrate many of the phenotypic changes associated with the respective human disorders, including elevated serum FGF23.
FGF23 plays a major role in human hypophosphatemic disorders associated with bone mineralization defect osteomalacia (1) . However, the regulators of FGF23 production, the signal pathway for FGF23 induced phosphate (Pi) wasting, and the cause of bone mineralization defect in these disorders are not fully defined. Another member of the FGF family of ligands, FGF2, is mitogenic for cells including osteoblasts (OBs) and chondrocytes (2, 14, 15) . The Fgf2 gene encodes multiple FGF2 high molecular weight (HMW) protein isoforms expressed from unique CUG alternative translation start sites located 5 0 to the classical AUG initiation codon for the 18 kDa low molecular weight (LMW) exported isoform (2, 16) . HMWFGF2 isoforms are ordinarily not released from the cells, but have nuclear localization sequences and function in an intracrine manner (17) (18) (19) (20) (21) . In humans, there are three HMW isoforms of 22, 23, and 24 kDa and a LMW isoform of 18 kDa FGF2 protein isoform. In rodents, there are two HMW isoforms of 21 and 22 kDa and a LMW17.5 kDa FGF2 isoform that functions in an autocrine/paracrine manner (18, 19) . The biological functions of the FGF2 isoforms have not been fully defined; however, studies have shown differential effects of the LMW (22) and the HMW (23) isoforms on cardiac tissue homeostasis in mice. In addition, we previously reported that global overexpression of all FGF2 isoforms caused defective bone mineralization and osteopenia in FGF2 transgenic mice (24) . We also reported that global knockout of all isoforms of FGF2 in mice resulted in reduced bone mass and bone formation (25) due to lineage change resulting in increased bone marrow adipogenesis (26) . We further reported that transgenic mice that express the human LMW18 kDa isoform (LMWTg) under the control of the Col3.6 promoter had increased bone mass with normal calcium, Pi homeostasis (27) . Furthermore, there was no increase in FGF23 in serum of LMWTg mice relative to Vector control mice. In contrast, to the increased bone mass found in the LMWTg mice, we made the novel discovery that transgenic mice that express the human high molecular weight (HMWTg) FGF2 isoforms under the control of the Col3.6 promoter display reduced bone mineral density (BMD), rickets, defective mineralization/ osteomalacia, hypophosphatemia, and increased FGF23 in serum and bone (28) . Intriguingly, in the Hyp mouse, a model of human XLH, we found that Fgf2 messenger RNA (mRNA) and HMW FGF2 protein isoforms were increased in bones/OBs, and that FGF23 and HMW protein colocalized in Hyp osteocytes (28) .
Although the downstream signaling pathway by which FGF23 mediates Pi wasting is not fully understood, several studies have shown that FGF23 produced by osteocytes is released into the circulation and interacts with FGF receptors and klotho on renal cells to increase mitogen activated protein kinases/ERK signaling, resulting in downregulation of the renal sodium/Pi cotransporter NPT2a, resulting in reduced tubular reabsorption of Pi (1) . As in the FGF23 transgenic mice, Pi wasting in the HMWTg mice is associated with abnormal FGF23/FGFR/Klotho/ERK signaling, resulting in downregulation of the renal NPT2a (28) .
FGF23 signaling via FGFR also has effects to inhibit matrix mineralization that are independent of its effects on Pi homeostasis (29) . Interestingly, we previously published in vitro studies demonstrating that defective bone matrix mineralization in HMWTg mice is due in part to increased FGF23/FGFR signaling because there was partial rescue of impaired mineralized nodule formation by a neutralizing antibody to FGF23 (30) . The present in vivo study examines whether bone and Pi wasting phenotypes of HMWTg mice can be fully or partially rescued by a novel FGF receptor inhibitor that was shown by Wohrle et al. (31) to ameliorate rickets in the Hyp and Dmp1ko mouse models.
Materials and Methods

Animals
All animal protocols were approved by the UConn Health Institute of Animal Care and Use Committee. As previously described in detail (28), we generated mice expressing HMW isoforms of hFGF2 in a bone-specific manner using a construct, abbreviated Col3.6-HMWFgf2 isoform-IRES-GFPsaph. Col3.6-HMWFgf2 isoform-IRES-GFPsaph was built by replacing a CAT fragment in previously made Col3.6-CAT-IRESGFPsaph (32) with a human HMWFgf2 complementary DNA (cDNA) between AfeI and ScaI sites. This expression construct is capable of concurrently overexpressing the human HMW FGF2 isoforms (33) and GFPsaph from a single bicistronic mRNA. The construct also harbors a neomycin selection gene. Generation of the Fgf2 cDNAs was previously described (16) . As control, a Col3.6-IRES/GFPsaph (Vector) construct was also generated and purified according to standard techniques. Microinjections into the pronucleus of fertilized oocytes were performed at the Gene Targeting & Transgenic Facility at UConn Health. Founder mice of the F2 (FVBN) strain were mated with wild-type mice to establish individual transgenic lines. Homozygote mice were generated by mating heterozygote male with heterozygote female. Initial characterization of the bone phenotype of the HMWTg mice was previously reported (28) . Male mice were used in this study.
FGFR inhibitor treatment
NVP-BGJ398 is a novel selective pan specific FGFR inhibitor. NVP-BGJ398 (50 mg/kg body weight; Novartis, Basel, Switzerland) (31) or vehicle only (PEG-300/Glucose 5%, 2:1 mix) was administered by oral gavage. For long-term gavage treatment over 8 weeks, dosing was initiated at 5 weeks of age with a schedule of three treatments per week (31) . Vector mice were treated with vehicle only. Mice were used at 5 to 6 weeks of age in the case of single-dose at 50 mg/kg body gavage administrations. We also performed additional long-term experiment that includes a Vector group subject to long-term NVP-BGJ398 treatment using a lower concentration (34) . In this experiment, mice were 21 days old at treatment initiation and received daily subcutaneous (sq) administration of NVP-BGJ398 for 6 weeks (2 mg/kg body weight) or vehicle (hydrochloric acid 3.5 mM, dimethyl sulfoxide 5%) (34) . Most data reported in this study are from mice that were treated with NVP-BGJ398 at 50 mg/kg orally unless otherwise specified. Mice were euthanized by CO 2 for sample collection.
Faxitron X-ray X-ray pictures of the whole mouse and excised bones were taken using a SYSTEM MX 20 from Faxitron X-ray Corp. (Wheeling, IL). X-ray images were taken under constant conditions (25 kV, 20-second exposure at 4.5 magnification).
Dual beam X-ray absorptiometry
Dual beam X-ray absorptiometry imaging was performed using the LunarPIXImus2 (GE Medical Systems, Madison, WI) densitometer to measure BMD and bone mineral content (BMC) for both in vivo and excised bones (28) .
Micro-computed tomography scanning of femurs
Analysis of the middiaphysis cortical bones and metaphyseal cancellous bones of the distal femurs was performed as described previously (25) with micro-computed tomography (micro-CT) instrumentation (mCT20; Scanco Medical AG, Bassersdorf, Switzerland). Using two-dimensional data from scanned slices, three-dimensional analysis was conducted to calculate morphometric parameters defining microarchitecture, including bone volume (BV) density, BV/total volume (TV), trabecular number, trabecular thickness, trabecular spacing, connective tissue density, degree of anisotropy, subperiosteal area, cortical mask, cortical porosity, and cortical thickness.
Bone histomorphometry
Mice were labeled with calcein 7 days and xylenol orange 2 days before they were euthanized, respectively. Femurs were isolated and fixed in 10% formalin. Bones were then placed overnight in 30% sucrose dissolved in phosphate-buffered saline (PBS) and embedded in Cryomatrix. The Cryomatrix block containing each undecalcified femur was oriented in the block holder to obtain a 7-mm longitudinal central section that includes the central vein. Sections were collected on a special cold adhesive tape Cryofilm type IIC (FINETEC Co. Ltd., Japan). Unstained tapes with samples were soaked in PBS for half an hour and then mounted in 50% glycerol in PBS for dynamic parameter analysis. Additional sections were stained for tartrate-resistant acid phosphatase to visualize osteoclasts and counterstained with hematoxylin. Histomorphometric measurements were made in a blinded, nonbiased manner using the OsteoMeasure image analysis system (R & M Biometrics, Nashville, TN) interfaced with a Nikon E400 microscope (Nikon, Inc., Melville, NY). The terminology and units used are those recommended by the Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral Research (35) . Mineralizing surface/bone surface (BS), the bone formation rate/BS, interlabel thickness, mineral apposition rate (mm/day), BV fraction (BV/TV), percent OB surface, osteoclast surface, and osteoclast number/BS were measured. OBs were identified as cuboidal cells lining the trabecular bone. Osteoclasts were identified as multinucleated cells with more than three nuclei on the trabecular BS.
For cortical static histomorphometry, longitudinal sections were used. Osteoid volume/BV was measured along 1250 mm of middiaphysis cortical bone of femur on Masson Trichromestained sections (36) .
Histology
For histological analysis, frozen femur sections were stained with Alcian Blue to identify cartilage matrices and with Alizarin Red to identify bone. Frozen sections were scanned to detect GFP, calcein, and xylenol orange labeling of bone cells. GFP expression in cells was visualized using an Olympus IX50 inverted system microscope equipped with an IX-FLA inverted reflected light fluorescence (Olympus America, Inc., Melville, NY). A specific excitation wavelength was obtained using filters for GFPsaph (exciter, D395/40; dichroic, 425DCLP; emitter, D510/40m) and recorded with a SPOT-camera (Diagnostic Instrument, Inc., Sterling Heights, MI). Fluorescent images were taken with equal exposure times applied to bones derived from Vector and HMWTg mice.
Frozen sections of kidneys were used for immunofluorescence staining of KLOTHO. Kidneys were isolated and fixed in 10% formalin. Kidneys were then placed overnight in 30% sucrose dissolved in PBS and embedded in Cryomatrix. The sections were washed in 13 PBS/1% fetal bovine serum (FBS) and permeabilized with 0.25% Triton X-100 in 13 PBS/1% FBS for 10 minutes. After being rinsed with 13 PBS/1% FBS, the sections were stained with anti-KLOTHO antibody [15 mg/mL; R&D Systems, Minneapolis, MN; Research Resource Identifier (RRID): AB_2296612] overnight at 4°C. After rinsing, cells were incubated with Alexa Fluor 594 rabbit antigoat lgG (Invitrogen, Grand Island, NY). After washing, coverslips were mounted on slides and nuclei were counterstained with 4',6-diamidino-2-phenylindole.
For immunohistochemistry staining, frozen sections of kidneys were used. The primary antibodies were a monoclonal antiphospho-p44/42 mitogen activated protein kinase antibody (Cell Signaling Technology, Inc., Beverly, MA; RRID: AB_331768) used at a 1:150 dilution, anti-NPT2a antibody (Alpha Diagnostic International, Inc., San Antonio, TX; RRID: AB_1622108) used at 20 mg/mL. Briefly, the sections were blocked (0.3% H 2 O 2 /methanol) for 10 minutes, followed by blocking in 1:200 normal serum for 30 minutes, and then incubated with primary antibodies at 4°C overnight. The sections were washed three times for 5 minutes in PBS, and then a horseradish peroxidase-conjugated secondary antibody was applied for 30 minutes. Following three 5-minute PBS washes, color was developed with ABC reagent for 30 minutes. Slides were counterstained with hematoxylin. Slides were mounted, examined, and photographed using bright field microscopy (Nikon Corp., Shinagawa-ku, Tokyo, Japan).
RNA isolation and real-time polymerase chain reaction
Total RNA was extracted from whole femur using Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA). For realtime quantitative reverse transcription polymerase chain reaction analysis, RNA was reverse-transcribed using the RNA to cDNA EcoDry ™ Premix (Oligo dT). Quantitative polymerase chain reaction was carried out using the iTaq ™ Universal SYBR ® Green Supermix on a MyiQ ™ instrument (Bio-Rad Laboratories, Inc., Hercules, CA). b-Actin was used as an internal reference for each sample. mRNA was normalized to the Gapdh mRNA level and expressed as the fold-change relative to the first sample for each experimental group. Relative mRNA expression was calculated using a formula reported previously (37) . The primers for the genes of interest are listed in Supplemental Table 1 .
Biochemistry
Blood was collected from euthanized animals by cardiac puncture. After clotting, the blood was spun, and serum was collected. Serum Pi and calcium were measured using the Phosphorus Liqui-ultraviolet (StanBio Laboratory, Boerne, TX) and Calcium (CPC) Reagent Set (Eagle Diagnostics, Cedar Hill, TX), respectively. Serum intact and C-term FGF23 was measured using kits purchased from Immunotopics, Inc. (Carlsbad, CA), and serum parathyroid hormone (PTH) was determined using a mouse intact PTH enzyme-linked immunosorbent assay kit (Immunotopics, Athens, OH) according to the manufacturer's instructions. Serum 1,25(OH) 2 D 3 was measured using 1,25-Dihydroxy Vitamin D EIA kit from Immuno Diagnostic Systems (IDS; Gaithersburg, MD). Serum aKlotho was measured using Mouse KL/Klotho enzymelinked immunosorbent assay kit (LifeSpan BioSciences, Inc., Seattle, WA). For short-term experiments, spot urine samples were collected during euthanasia, and phosphate excretion index (PEI) was determined. For the urine Pi assay of long-term experiments, mice were kept in metabolic cages, and 24-hour urine was collected. Urine Pi was measured using the Phosphorus Liqui-ultraviolet kit (StanBio Laboratory). For long-term experiments, serum was prepared at 24 hours after last gavage of the 8-week study.
Western blot analysis
Total protein of kidneys was extracted using 13 radioimmune precipitation buffer (Cell Signaling Technology, Inc., Danvers, MA), and protein concentration was assayed with BCA protein assay reagent (Thermo Fisher Scientific, Waltham, MA). After sodium dodecyl sulfate-polyacrylamide gel electrophoresis on Any kD™ Mini-PROTEAN ® TGX™ Gels, proteins were transferred to Immun-Blot PVD membranes (BioRad Laboratories, Inc.). Membranes were blocked overnight in TBS-T containing 5% nonfat dry milk (Bio-Rad Laboratories, Inc.). Membranes were then incubated with an antiphospho Pp44/42 (Cell Signaling Technology, Inc.; RRID: AB_331768) for 1 hour, washed for 1 hour with TBS-T, and then incubated with a donkey antirabbit secondary antibody (Amersham Biosciences, Piscataway, NJ) for Pi-p44/42 in TBS-T/1% nonfat milk for 1 hour. After incubation with antibodies, membranes were washed for 1 hour with TBS-T. After further washing with TBS-T, immunoreactive bands were visualized using Amersham ECL Plus Western Blotting Detection System (GE Health Care, Buckinghamshire, UK) and Hyperfilm-ECL film (Amersham Biosciences, Europe, GMBH) in accordance with the manufacturer's instructions. Equivalent amounts of total proteins were run on a separate gel and probed for total p44/42 antibody (Cell Signaling Technology, Inc.; RRID: AB_330744) as a loading control. For KLOTHO and NPT2a, 300 mg of total protein from kidney were diluted with 13 radioimmune precipitation buffer and incubated at 4°C overnight with Protein A/G PLUS-agarose (20 mL) (Santa Cruz Biotechnology), as well as KLOTHO (R&D Systems; RRID: AB_2296612), or NPT2a (Alpha Diagnostic International, Inc., San Antonio, TX; RRID: AB_1622108) antibody. Beads were washed three times, and precipitated proteins were followed by Western blot, using KLOTHO, Pp44/42, and NPT2a antibodies. Equivalent amounts of total proteins were run on a separate gel and probed for Actin (Santa Cruz Biotechnology, Dallas, TX; RRID: AB_630835) as a loading control. Band densities were quantified densitometrically by ImageJ64.
Statistical analysis
Experimental values are reported as mean 6 standard error (SE; standard error of the mean). Analysis of variance followed by least significant difference for post hoc multiple comparisons was used. SPSS software (IBM Corp, Armonk, NY) was used for statistical analysis, and the results were considered significantly different at P , 0.05.
Results
Short-term treatment with FGFR inhibitor NVP-BGJ398 restores mineral ion homeostasis in HMWTg mice
To initially assess the effect of NVP-BGJ398 on FGFR/ FGF23 signaling in both Vector and HMWTg mice, we performed a single-dose, short-term treatment study in which serum biochemical markers were analyzed at 7 hours and 24 hours after gavage to determine the immediate effects of FGFR inhibition before the onset of feedback regulation. As shown in Figure 1 (a), short-term FGFR inhibition at 7 hours after NVP-BGJ398 treatment did not affect serum calcium level in either Vector or HMWTg mice. However, NVP-BGJ398 significantly increased serum calcium level in Vector mice at 24 hours after NVP-BGJ398 treatment. Consistent with our previous publication (28) , there was a significant decrease in serum Pi in HMWTg-Vehicle mice compared with VectorVehicle. NVP-BGJ398 significantly increased serum Pi level in Vector mice at 7 and 24 hours, and in HMWTg mice at 24 hours after gavage [ Fig. 1(b) ]. NVP-BGJ398 treatment did not affect serum creatinine level in Vector mice. However, there was a transient repression of serum creatinine at 7 hours NVP-BGJ398 treatment in HMWTg mice [ Fig. 1(c) ]. NVP-BGJ398 suppressed Pi excretion in kidneys in Vector mice at 24 hours after administration. Increased PEI in HMWTg mice was suppressed at 7 and 24 hours by NVP-BGJ398 administration [ Fig. 1(d) ].
There was a transient repression of FGF23 serum levels at 7 hours NVP-BGJ398 treatment, but increased at 24 hours after NVP-BGJ398 treatment in Vector mice. In contrast, increased serum FGF23 level in HMWTg-Vehicle mice compared with Vector-Vehicle was significantly suppressed by NVP-BG398 at both 7 and 24 hours [ Fig. 1(e) ]. It is known that FGF23 regulate serum Pi in part through regulating 1,25(OH) 2 D 3 production via 1-a-hydroxylase in the kidney (38 Fig. 1(f) ].
We also examined the effect of FGFR inhibitor treatment on aKlotho serum levels [ Fig. 1(g) ]. NVP-BGJ398 treatment transiently reduced serum aKlotho in Vector mice at 7 hours after gavage. However, in HMWTg mice, NVP-BGJ398 significantly increased serum aKlotho at 7 and 24 hours after treatment.
The effect of FGFR inhibitor treatment on serum levels of PTH was also determined [ Fig. 1(h) ]. In Vector-Vehicle mice, PTH levels were significantly increased after 7 hours of NVP-BGJ398 treatment, whereas PTH level was reduced to Vector-Vehicle level at 24 hours after administration. In contrast, serum PTH was 56% higher in HMWTgVehicle compared with Vector-Vehicle mice, even though the increase did not reach significance. NVP-BGJ398 treatment did not affect PTH level in HMWTg mice. Taken together, these results suggest that pharmacological inhibition of FGFRs with NVP-BGJ398 counteracts FGF23 signaling in Vector and HMWTg mice.
We examined the effect of NVP-BGJ398 on Fgf23 mRNA expression in whole femur [ Fig. 1(i) ]. Fgf23 mRNA level was increased in HMWTg-Vehicle mice compared with Vector-Vehicle. At 7 hours after treatment, there was an increase in Fgf23 mRNA level in HMWTg mice. However, at 24 hours after treatment, Fgf23 mRNA was significantly decreased.
Because the type 2 sodium-dependent Pi cotransporter Npt2a plays critical roles in the reabsorption of Pi by renal proximal tubular, we examined Npt2a mRNA expression in kidney. As shown in Fig. 1(j) , Npt2a expression was significantly decreased in HMWTg-Vehicle group compared with Vector-Vehicle group. NVP-BGJ398 significantly increased Npt2a expression in HMWTg mice at 7 and 24 hours after treatment.
Effects of long-term NVP-BGJ398 treatment on mineral ion homeostasis in HMWTg mice
To determine whether long-term inhibition of FGFR regulate BMD in Vector and HMWTg mice, both Vector and HMWTg mice were treated with Vehicle or NVP-BGJ398 (2 mg/kg, sq) for 6 weeks. As shown in Supplemental Figure 1(a) , femur BMD was decreased in HMWTg-Vehicle mice compared with Vector-Vehicle mice. Long-term NVP-BGJ398 treatment significantly increased femur BMD in HMWTg mice but did not increase BMD in Vector mice.
To determine whether long-term inhibition of FGFR modulated Pi and calcium homeostasis in HMWTg mice, serum calcium and Pi was measured at the end of the 8-week study (NVP-BGJ398 at 50 mg/kg, oral). As shown in Figure 2 (a), there was no difference in serum calcium among groups. Decreased serum Pi and urine Pi wasting in HMWTg mice were completely rescued by NVP-BGJ398 treatment [ Fig. 2(b) and 2(c) ]. In contrast to the repressive effect of short-term FGFR inhibition on FGF23 expression, long-term treatment with NVP-BGJ398 (2 mg/kg, sq) resulted in a further increase of FGF23 serum concentrations in HMWTg mice [Supplemental Fig. 1(b) ]. Long-term NVP-BGJ398 treatment led to normalization of PTH levels in HMWTg mice [ Fig. 2(d) ]. Long-term NVP-BGJ398 treatment did not affect serum 1,25(OH) 2 D 3 levels in HMWTg mice [Supplemental Fig. 1(c) ].
Signaling molecules important in Pi homeostasis was determined after long-term inhibition of FGFR. Specifically, immunohistochemical and Western blotting analysis of KLOTHO, phospho ERK1/2 (pERK), and NPT2A were determined [ Fig. 2 Long-term FGFR inhibition did not increase body weight, but increased tail length, total body BMD, BMC, and rescued dwarfism in HMWTg mice
Because a single dose of NVP-BGJ-398 rescued hypophosphatemia of HMWTg mice, we assessed whether long-term inhibition of FGFR could rescue the rachitic bone phenotype in HMWTg mice. Before treatment, at 5 weeks of age, body weight of HMWTg mice was significantly lower than Vector control mice. Time course studies show that body weight of both HMWTgVehicle and HMWTg-NVP-BGJ398 mice remained significantly lower compared with Vector-Vehicle mice during the 8-week course of treatment [ Fig. 3(a) ].
Before treatment, at 5 weeks of age, tail length was similar among all groups. However, as the mice grew, tail length was noted to be shorter in HMWTg-Vehicle mice compared with Vector-Vehicle mice. Interestingly, during the 8 weeks of treatment, HMWTg-NVP-BGJ398 mice displayed a much greater increase in tail length compared with Vector-Vehicle mice [ Fig. 3(b) and 3(e) ].
Prior to treatment, at 5 weeks of age, total body BMD and total body BMC was lower in HMWTg mice compared with Vector mice. As the mice grew, HMWTg mice displayed a much greater increase in total body BMD and BMC than Vector mice. At 4-week treatment, NVP-BGJ398 significantly increased total body BMD and BMC in HMWTg mice. However, at 8-week treatment, total body BMD and BMC was indistinguishable among groups [ Fig. 3(c) and 3(d) ].
As shown by radiography, the dwarf phenotype observed in HMWTg-Vehicle mice was rescued with NVP-BGJ398 treatment [ Fig. 3(e) ]. In addition, femur length that was significantly reduced by 4% in HMWTg compared with Vector mice (P , 0.05) was completely normalized with NVP-BGJ398 treatment [ Fig. 3 (f) and 3(g)]. Similar normalization of tibiae length was found in HMWTg mice [ Fig. 3(h) and 3(i) ].
In contrast to total BMD, dual beam X-ray absorptiometry analysis revealed that excised vertebrae BMD in HMWTg was further decreased after NVP-BGJ398 treatment and was also significantly decreased when compared with Vector-Vehicle (P , 0.05). Femur BMD was also significantly decreased by NVP-BJG398 compared with Vector-Vehicle. There were no significant differences in femur BMC among groups (Supplemental Table 2 ).
Effects of long-term BGJ398 treatment on femur metaphyseal structure in HMWTg mice
Bone structure of excised femurs was assessed in Vehicle or NVP-BGJ398-treated HMWTg mice, by micro-CT analysis at 8 weeks after treatment. Trabecular area of femur [ Fig. 4(a) and 4(b) ] revealed abnormal outgrowth of trabecular from cortical bone as shown by arrowhead and bubbling of cortical bone as shown by arrow in Figure 4 (b). These structural abnormalities were accompanied by significantly increased trabecular thickness and significantly decreased tissue density, which were partially rescued by NVP-BGJ398 treatment [ Fig. 4(c) and 4(d) ]. NVP-BGJ398 did not affect BV/TV and connective tissue density and did not rescue reduced trabecular number or abnormal trabecular spacing [ Fig. 4(e)-4(h) ].
Long-term FGFR inhibition improved cortical integrity in HMWTg mice
Micro-CT scanning of femurs showed radiolucency [arrow in Fig. 5(a) and arrowhead in Fig. 5(b) ] in cortical bone of HMWTg-Vehicle mice that normalized by 8 weeks of NVP-BGJ398 treatment. Micro-CT analysis revealed a significant 160% increase (P , 0.01) in cortical porosity in HMWTg-Vehicle, which was completely normalized with NVP-BGJ398 treatment [ Fig. 5(c) ]. There was a 10% significant decrease in cortical thickness [ Fig. 5(d)] , as well as an 8% significant decrease (P , 0.05) in cortical tissue density [ Fig. 5(e) ] in HMWTgVehicle mice compared with Vector-Vehicle, and both were partially normalized with NVP-BGJ398 treatment. As shown in Figure 5 (f) and 5(h), endosteal perimeter and subendosteal area were increased in HMWTg-Vehicle mice compared with Vector-Vehicle mice, and was further increased with NVP-BGJ398 treatment. In addition, NVP-BGJ398 also increased periosteal perimeter and subperiosteal area in HMWTg mice [ Fig. 5(g) and 5(i) ].
Long-term NVP-BGJ398 treatment ameliorates growth plate and mineralization defect in HMWTg mice
To examine the long-term effect of FGFR inhibition on bone structure in more detail, histologic analysis was performed on femurs harvested at the end of 8 weeks of treatment. Given the significant effects of NVP-BGJ398 on skeletal growth in HMWTg mice, we analyzed the growth plate after long-term BGJ398 treatment. As shown in Figure 6 Static histomorphometry (Table 1 ) revealed significant reduction in metaphyseal cancellous BV/TV and trabecular number among groups in HMWTg that were partially improved by NVP-BGJ398. It should be noted that in HMWTg mice, irrespective of treatment, the amount of metaphyseal trabecular BSs available for quantitative analysis was low and lead to less accuracy of the measurement. However, increased trabecular spacing in HMWTg was reduced by NVP-BGJ398 treatment. Osteoclast number and osteoclast surface were significantly increased in HMWTg-Vehicle and were further significantly increased by NVP-BGJ398 treatment.
Dynamic histomorphometry showed that double labeled surface, bone formation rate, and MAR, a parameter for single OB activity, were significantly increased in HMWTg after NVP-BGJ398 treatment (Table 1 ). These data suggest that FGFR inhibitor treatment significantly reduced the mineralization defects in HMWTg mice and abnormalities in histomorphometric indices, and indicate a favorable effect of FGFR inhibition on structural integrity and mineralization of bone in HMWTg mice.
Effects of long-term NVP-BGJ398 treatment on expression of mineralization genes in HMWTg mice
To determine whether improved mineralization is associated with enhanced expression of genes involved in mineralization, RNA was extracted from the whole femur of long-term treated Vector and HMWTg mice and quantitative reverse transcription polymerase chain reaction was performed. As expected, Fgf2 gene expression was high in HMWTg mice compared with Vector mice and was not altered by NVP-BGJ398 treatment [ Fig. 7(a) ]. FGFR3c mRNA was increased in HMWTgVehicle mice compared with Vector-Vehicle mice and was normalized by NVP-BGJ398 treatment [ Fig. 7(b) ]. There was no difference in FGFR1c mRNA level between Vector-Vehicle and HMW-Vehicle; however, NVP-BGJ398 treatment significantly increased FGFR1c expression level [ Fig. 7(c) ]. PTHR1 mRNA was increased in HMWTgVehicle mice compared with Vector-Vehicle mice and was further increased with NVP-BGJ398 treatment [ Fig. 7(d) ]. Consistent with our previous finding in 2-month-old mice, Fgf23 mRNA expression was significantly increased in HMWTg mice and was not normalized by NVP-BGJ398 treatment [ Fig. 7(e) ].
Because we observed partial but not complete rescue of the mineralization defect in response to long-term NVP-BGJ398, the expression of matrix-related genes including matrix extracellular phosphoglycoprotein (Mepe), Dmp1, osteopontin (Opn), and bone sialoprotein (Bsp) was determined. These genes encode for sibling proteins with an acidic serine aspartate-rich Mepe-associated motif (ASARM motif) involved in bone and teeth mineralization (39) (40) (41) . Gene expression analysis showed that Mepe mRNA was similar in HMWTg-Vehicle and Vector-Vehicle mice, but NVP-BGJ398 treatment significantly increased Mepe expression in HMWTg mice [ Fig. 7(f) ]. Opn mRNA level was significantly increased in HMWTg mice and was further increased with NVP-BGJ398 treatment [ Fig. 7(g) 
Discussion
The findings of this in vivo study demonstrate that the rachitic bone and Pi wasting phenotypes of transgenic mice overexpressing FGF2 HMW isoforms in OB lineage cells is due in part to increased FGF23/FGFR signaling that can be partially rescued by a novel FGF receptor inhibitor that was shown by Wohrle et al. (31) to ameliorate rickets and hypophosphatemia in the Hyp and Dmp1ko mouse models. Consistent with the studies using Hyp mice (31) that overexpress HMWFGF2 in osteocytes (28), we observed that single dose treatment with NVP-BGJ398 increased serum Pi and reduced urine Pi excretion in both Vector and HMWTg mice. This observation is consistent with our recent studies showing that NVP-BGJ398 rescued Pi wasting via increased expression of sodium Pi transporter Npt2a in kidneys of HMWTg mice (42) . However, in contrast to our findings, NVP-BGJ398 did not increase renal expression of Npt2a or fractional excretion of Pi in the Hyp mice in the studies of Whorle et al. (31) where it was postulated that NVP-BGJ398 corrected hypophosphatemia in Hyp mice via intestinal absorption of dietary Pi due to increased 1,25(OH) 2 D 3 . Because NVP-BGJ-398 also caused a significant increase in 1,25(OH) 2 D 3 in serum of HMWTg mice, it is possible that increased intestinal absorption of Pi also contributes to the correction of the hypophosphatemia in HMWTg mice. Consistent with the effects of long-term treatment with NVP-BGJ398 in Hyp mice, long-term treatment with NVP-BGJ398 completely normalized serum and urine Pi in HMWTg mice. Similar to observations in NVP-BGJ398-treated wild type littermates of Hyp mice, our studies demonstrated a significant increase in serum calcium in Vector control with short-term but not long-term treatment with the FGFR inhibitor (31) .
Our studies show that Npt2a expression in the kidney was increased in HMWTg after both single dose and long-term treatment. This suggests that the improvement in serum Pi levels was due to increased renal Pi reabsorption via Npt2a. However, FGF23 levels are low with single dose 24-hour treatment and high in long-term treatment. This is in consistent with the report by Whorle et al. (31) using Hyp mice. In their study, FGFR inhibition with single dose NVP-BGJ398 resulted in a decrease in Fgf23 mRNA level and FGF serum levels, but the reduction of FGF23 levels was transient and closely correlated with the pharmacokinetic of FGFR inhibition by NVP-BGJ398. The increased FGF23 after long-term treatment is indicative of a feedback regulation as a consequence of the correction of hypophosphatemia as observed in Hyp mice by NVP-BGJ398 treatment (31) .
FGF23 also directly inhibits PTH expression and secretion in the parathyroid gland (43) . Single dose NVP-BGJ398 treatment increased serum PTH level in Vector mice. Once the compound was cleared after 24 hours, serum PTH was decreased in WT mice that is coincident with increased serum calcium level in Vector mice. Consistent with our previous report, HMWTg-Vehicle have higher PTH level compared with Vector-Vehicle (44) .
In contrast to the increase in body weight observed in Hyp mice treated long-term with NVP-BGJ398 (31), NVP-BGJ398 was not observed to increase body weight in HMWTg mice. However, similar to its effect in Hyp mice, we observed a significant increase in longitudinal bone growth, as well as a significant reduction in osteoid due to normalization of bone mineralization in the cortical bone. Interestingly, similar to the studies in Hyp mice (31) , long-term treatment with NVP-BGJ398 only partially improved metaphyseal cancellous bone in HMWTg mice. However, serum FGF23 was significantly elevated in HMWTg vehicle treated mice and remained significantly elevated after long-term NVP-BGJ398 treatment. It should also be noted that long-term treatment of Hyp mice with NVP-BGJ398 caused a further increase in serum FGF23 as reported by Wohrle et al. (31) . It is interesting to speculate that FGF23, which is known to have effects on bone matrix mineralization independent of its effects on Pi (29), may be contributing to the failure of NVP-BGJ398 to fully restore cancellous bone. However, this would not explain the improved matrix mineralization observed in the cortical bone of HMWTg mice in response to the FGFR inhibitor. In support of additional effects of HMWFGF2 on matrix mineralization that are independent of FGF23/FGFR, we previously conducted in vitro studies to assess the mechanism of the inhibitory effects of HMWFGF2 on bone marrow stromal cell differentiation and matrix mineralization and reported that FGF23 neutralizing antibody and the FGFR inhibitor SU5402 only partially rescued the reduced mineralized bone formation in HMWTg bone marrow stromal cultures (30) . It should also be noted that similar to the NVP-BGJ398 studies in Hyp mice that were 5 to 7 weeks old (31), we conducted our studies in HMWTg mice that were 5 to 6 weeks old. Whether earlier initiation of therapy would have caused a further rescue of the bone phenotype is worthy of consideration.
The effects of long-term treatment with NVP-BGJ398 on Fgf2 and PTHR1 mRNA in bones of HMWTg revealed that NVP-BGJ398 did not affect the expression of these genes, suggesting HMWFGF2 modulate their expression independent of cell surface FGF ligand/ FGFR receptor signaling. Interestingly, however, increased FGFR3 expression was decreased in HMWTg in response to NVP-BGJ398 treatment, and NVP-BGJ398 treatment increased FGFR1 expression suggesting that HMWTg differentially modulates FGFRs. The increased PTHR1 in HMWTg that remained persistently elevated after long-term NVP-BGJ398 is interesting and may contribute to the increased FGF23 expression in bone and serum because previous studies showed that parathyroid hormone receptor signaling in osteocytes increases the expression of FGF23 in vitro and in vivo (45) . Studies by Fan et al. (46) showed that bone-specific ablation of PTHR1 decreased FGF23 protein in bone and serum.
It is known that FGF23 impairs mineralization (47) . However, the persistent increase in Fgf23 mRNA in the bones and serum of long-term NVP-BGJ398-treated mice in the context of improved mineralization indicates that the bone abnormalities in HMWTg mice cannot be solely attributed to local production of FGF23. In view of this, we reasoned that other matrix modulators might play a role in the bone phenotype of HMWTg mice. Several studies have demonstrated important roles for the small integrin-binding ligand N-linked glycoprotein (SIBLING) family of noncollagen proteins consisting of Opn, Bsp, Dmp1, and Mepe in bone. These proteins share many structural characteristics, are primarily located in bone and dentin, and play an important role in matrix mineralization (48) . In the current study, long-term NVP-BGJ398 improved tissue density, which is accompanied with increases in the expression of Mepe, Opn, Dmp1, and Bsp mRNA suggesting that NVP-BGJ398 improves mineralization in part through modulation of the SIBLING proteins. Interestingly, although increased Mepe expression was observed during OB matrix mineralization, overexpression of Mepe in mice resulted in a growth and mineralization defect due to decrease in bone remodeling (48) . Also of interest, in contrast to our observation that HMWFGF2 isoforms increase Mepe, published studies showed that addition of LMW isoform of FGF2 to OBs down regulated Mepe levels (49) supporting different biological functions of LMW and HMWFGF2 isoforms in matrix mineralization.
Another reason for the failure of NVP-BGJ398 to fully rescue impaired mineralization, in bones of HMWTg, is the increased expression of Mgp, an extracellular matrix mineralization protein and a potent inhibitor of mineralization (50) . Previously, we reported increased Mgp mRNA expression level in tibiae of 2-month-old male HMWTg mice and cultured BMSCs from these mice. Consistent with these earlier studies, in the current study, Mgp was increased in HMWTg-Vehicle mice compared with Vector-Vehicle at 3-months of age. However, in contrast to the results of our in vitro studies (30) where the SU5402, another FGF receptor tyrosine kinase inhibitor, increased mineralization in HMWTg BMSC cultures associated with marked reduction in Mgp mRNA, in vivo long-term NVP-BGJ398 treatment did not significantly decrease expression of Mgp in whole femur. The differences between BMSC cultures and intact bone may be due to loss of some of the features of the in vivo HMWTg phenotype in vitro or confounding effects of greater cell heterogeneity in the in vivo assessment of whole femur.
Consistent with the studies by Wohrle et al. (31) using Hyp mice, we observed that long-term treatment with NVP-BGJ398 improved the disorganized growth plate structure in HMWTg mice that is associated with normalization of serum Pi level. However, the rescue is incomplete. This may be due to further increase in serum FGF23 after long-term treatment. It is known that FGF23 and Klotho are present in the growth plate (51) . FGF23 regulates chondrocytes in a Klotho-dependent (52) and Klotho-independent manner (53) . FGF23 suppresses chondrocyte proliferation in the presence of soluble a-Klotho both in vitro and in vivo (52) . NVP-BGJ398 may act by inhibiting FGF23 binding to FGFR leading to inhibition of negative feedback and therefore increased FGF23 in long-term treatment. Increased FGF23 after long-term treatment could be at high enough levels to overcome the inhibitory effect on FGFR binding resulting in partial instead of complete rescue of the observed bone phenotype (54) .
In summary, our studies demonstrate increased bone structure integrity in HMWTg mice with NVP-BGJ398 treatment, despite a dramatic increase in FGF23. This suggests that NVP-BGJ398 attenuates FGF23-independent consequences of HMWFGF2 overexpression that may be critical determinants of skeletal pathology in HMWTg mice.
